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MATERIALS AND METHODS
Three adolescent and two adult male stump-
tailed macaques were used in this study. The de-
velopment of common baldness in the frontal re-
gion of the scalp was followed for at least 5
months. Skin biopsy specimens (2 X 1 cm) were
taken from the bald frontal and hairy parietal
scalp regions without anesthesia during the late
summer and autumn of 1966. The hairy parietal
region contained predominantly terminal follicles
in anagen whereas the bald frontal region contains
vellus follicles in telogen and anagen, as shown
diagrammatically in Figure 1. Thin frozen sections
(SOtc in thickness) were cut with a cryostat and
dried in vacuum overnight (16). In these frozen-
dried sections, the different types of hair follicles
and also their detailed structures were easily dis-
tinguished without staining (Figs. 2, 3). Small
pieces of hair follicles (0.2 to 2.0 cg dry weight)
were dissected from the sections, weighed with a
quartz fiber balance, and transferred into small test
tubes for subsequent enzyme assay (see Ref. 16
for detail). Unless otherwise stated, terminal hair
follicles in anagen were obtained from the parietal
region (the external sheath of the middle portion,
upper bulb, lower bulb, and dermal papillae); and
both terminal telogen follicles (lower half portion)
and vellus anagen follicles (external sheath of mid-
dle portion, and the bulb portion; see diagram in
Fig. 2) were obtained from the frontal area.
Individual enzyme activities were measured flu-
orometrically within the linear rates of the reac-
tions under optimal conditions. The following
enzymes were assayed: hexokinase (8), glyceralde-
hyde-3-phosphate dehydrogenase = G.-3.-PDH (10),
lactate dehydrogenase = LDH (13), glucose-6-.
phosphate dehydrogenase = G-6-PDH, and 6-
phosphogulconate dehydrogenase = 6-PGDH (12),
alanine (glutamate-pyruvate) and aspartate (glu-
tamate-oxalacetate) transaminases (6), isocitrate
dehydrogenase = ICDH (4), fumarase (4), and p-
hydroxybutyryl-CeA dehydrogenase (7). Phospho-
rylase activity was assayed by incubating samples
at 370 C in 5 cl of reagent mixture consisting of
50 mM Tris-HCI buffer, pH 7.3, 15 mM glycogen,
1 mM adenosine monophosphate, 02 mM TPN,
5 mM MC, 5 mM inorganic phosphate, and 1 cg
of crystalline G-6-PDH and 4 g of crystalline
phosphoglucomutase per 1 ml of reagent mixture.
The resulting TPNH (triphosphopyridine nucleo-
tide, reduced form) was measured as in the assay
for hexokinase (8).
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In the preceding paper (1), we studied the
distribution of hair follicles in the scalp of
stumptailed macaques. These animals develop
common baldness during adolescence (2), at
which time most of the terminal follicles in the
forehead become transformed into "vellus"
types.
Numerous studies have been published on
the morphogenesis of the hair follicles of Vari-
ous species, but biochemical studies have been
few. Rogers (3) has contributed much to the
elucidation of the mechanism of keratinization
in hair follicles. Yet practically no information
is available on the metabolism during the hair
cycle. The various enzyme activities of carbo-
hydrate metabolism in hair follicles were re-
cently assayed in human (4—7) and subhuman
primates (8—15). These data, however, repre-
sented only the enzyme activities in the external
sheath of the growing hair follicle; no effort
was made to correlate enzyme activities with
the fullctional state of the follicles.
In the present study, 11 enzymes participat-
ing directly or indirectly in carbohydrate
metabolism were assayed with special reference
to their intrafollicular localization in the differ-
ent types of hair follicles and at different stages
of activity, as an approach to an understanding
of events that occur in the transformation of
terminal to vellus follicles in the development
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Fiu. 1. The distribution of hair follicles in the scalp of the Stumptailed Macaque. The dia-
gram and photomicrographs represent the proportional thstribution of the different types of
hair follicles in each area: mostly terminal anagen and few telogen follicles in the hairy par-
ietal area, both terminal and vellus follicles in the transitional area, and mainly vellus telogen
and few anagen follicles in the bald frontal scalp.
Fic. 2. Frozen and dried sections of the scalp skin. The types of hair follicles are readily
identified without staining. Figure 2 shows the terminal anagen follicle (A), vellus anagen
follicles (V), and terminal telogen follicle (T). The thagramin Figure 2 indicates the samples
dissected for enzyme assay from these 3 thfferent types of hair follicles.
12
pV
*VflAt -
V
I'
-1 -
— V 4a —
Bold Area
T V
Hairy Area
A B
•1 Tsllog.q, Vellus A—I
H
: 
4 
i. 
S cc.
 
-
i 
ENZYME ACTIVITIES OF THE HAIR FOLLICLES 13
Phosphorylase activity was also demonstrated
histochemically according to the method of Takeu-
chi et al. (17). The stained sections were mounted
permanently (see Smith et al. 18). Glycogen was
seen by means of the periodic acid-Schiff reagent
(PAS) with diastase-treated sections as controls
(19).
RESULTS
1. Regional enzyme activity. The data pre-
seiited in Figure 4 show significant differences
in different areas and kinds of follicles.
Iii telogeii follicles, the intrafollicular distri-
bution of each enzyme activity showed compar-
able quantitative values in the upper and lower
parts. This is consistent with the structure of
telogen follicles, which consist of a relatively
homogeneous epithelial mass of cells.
Terminal anagen follicles show significant dif-
ferences in enzyme activities between the mid-
dle portion of the external sheath and the bulb.
Al] four of the enzymes showed weaker activi-
ties in the external sheath of the middle por-
tion than in the bulb. The activity of fumarase,
which participates in the TCA cycle, was
roughly 3—4 times higher in the entire bulb
than iii the external root sheath.
Except for hexokiiiase, the dermal papillae
of terminal anagen follicles (Fig. 4) contained
high enzyme activities.
2. Enzyme activity of the hair follicles in
bald anti hairy areas. Table I shows the activi-
ties of all enzymes that were assayed in this
study.
Enzyme activities of the glycolytic pathway
and the pentose shunt—hexokinase, G3PDH,
LDH, G-6-PDH, and 6-PGDH—generally
demonstrated somewhat similar distribution
patterns in the different areas of the follicles
during their growth cycles. Telogen follicles
showed the least activity.
The TCA cycle enzyme, alanin- and aspara-
tate traiisaminase, and fl-hydroxybutyryl-CoA
dehydrogenase activities were generally much
higher in the bulbar portion and dermal
papillae than in the external sheath.
Phosphorylase activity showed a completely
reversed intrafollicular distribution of activity
as compared with that of the other 10 enzymes
described. The external sheath contained 2—3
times higher activity than did the bulbar por-
tion. In contrast to the activities of the other
enzymes, telogen follicles showed comparatively
high phosphorylase activity.
Fjc. 3. Examples of samplings. From the termi-
nal anagen follicle, the external sheath (excluding
the medulla), the bulb portion, and the dermal
papilla were dissected.
Figure 5 compares diagrammatically the ac-
tivities of phosphorylase and the other 10 en-
zymes. The least value of the activities was
arbitrarily taken as one, and the simple mean
values were computed from the activities of
the other 10 enzymes in each region. A com-
parison of the two diagrams of the figures shows
a striking ijiverse lollicular distribution pat-
tern between phosphorylase, an enzyme of gly-
cogen metabolism, and the other 10 enzymes
that are more directly related to the production
of energy.
3. Histochemical studies of the hair follicles.
Figure 6 shows numerous PAS-positive gran-
ules in the middle portion of the external root
sheath of terminal anagen follicle; the granules
were completely digested by diastase. Glycogen
granules were also demonstrated in the middle
portion of the external sheath of the vellus
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Fia. 4. Intrafollicular variation of enzyme activities. The hair follicle samples were dis-
sected from different intrafollicular locations at different stages of the hair cycle as illus-
trated in the dark areas in the diagrams in the left column. The enzyme activities are shown
bargraphically. The number appearing in the shaded bar indicates enzyme activity ex-
pressed as mrnoles/hour/kg dry weight tissue (quintuplicate determinations on 2 individuals).
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FIG. 5. Mean enzyme activities in hair follicles (bar-graph). The shaded areas indicate the
sources of hair follicle samples. Mean enzyme activities (except for Dhosphorylase activity)
were computed from data in Table I. The least activity (mean of the activities of the 10
enzymes) of the group is arbitrarily taken as one.
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FIG. 6. Glycogen reaction in hair follicles. Abundant PAS-positive granules are seen in
the external sheath of the middle portion of the terminal anagen hair follicles.
Fws. 7, 8, and 9. Phosphorylase reaction in hair follicles. Many phosphorylase positive
granules are seen in the external sheath of the middle portion of both the terminal anagen
hair follicles (Fig. 7) and the vellus anagen follicles (Fig. 8). Telogen follicles also give a
relatively strong phosphorylase reaction (Fig. 9).
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anagen follicles. Glycogen granules were sparse
in the cells of the epithelial sac of telogen folli-
cles. Figure 7 shows an intense positive phos-
phorylase reaction in the external sheath of the
ternñnal anagen follicle but an almost negative
reaction in the bulbar portion and dermal
papillae. Similar findings were observed in
vellus anagen follicle (Fig. 8). Telogen follicles
(Fig. 9) also showed a moderately positive
reaction throughout.
DISCUSSION
Enzymatic Criteria for Baldness
One of the purposes of the present study
was to try to see if any enzyme activity in
the hair follicles in the bald scalps differs
quantitatively from that in the hairy scalp.
There is no simple resolution to this problem
because of the complex histological differences
between bald and hairy scalp regions and be-
cause of the intrafollicular variations of enzyme
activities. Therefore, we have confined our
analyses to samples of tissues of anagen
follicles from specific sites in the follicle. Ac-
cordingly, enzyme activities in the middle
portion of the external sheath and the bulb
portion of both vellus and terminal anagen
follicles were studied, but we found no char-
acteristic enzymic differences in hair follicles
in bald and hairy scalps (cf. Fig. 5, left
diagram = average of 10 enzymes; also
Table I for detail).
The enzyme activities in the vellus anagen
follicles in bald scalps are comparable to those
in terminal anagen follicles. A reduction in the
size of a follicle, therefore, does not involve
a reduction in enzyme activity. As long as a
follicle continues to grow, regardless of size
or environment, its enzymes of carbohydrate
metabolism remain spatially and quantitatively
unchanged.
Enzyme Activities in Growing and Resting
Follicles
Because of the spatial variations in the
enzymatic activities in anagen follicles, one
must specify wherein specific enzymatic ac-
tivities are present when comparing resting and
growing follicles. Otir data indicate that en-
zyme activities in the middle portion of the
external sheath of terminal follicles of telogen
follicles are less than those in anagen fol-
licles.
Enzyme Activities as Units of
Metabolic Functions
These results and previous ones suggest
that alterations in enzyme activities in the
hair follicles of stumptails reflect an altered
metabolic pathway in which the respective
enzymes participate. Changes in hexokinase,
G-3-PDH, and LDH could be taken to indi-
cate changes in the activity of the Embden-.
Meyerhof glycolytic pathway, and changes in
G-6-PDH and 6-PGDH can be assumed to
indicate changes in the pentose cycle. Since
fumarase and ICDH are present in both the
cytoplasm and mitochondria, only a part of
their activities can be attributed to the TCA
cycle.
The very high enzyme activities in the bulb
portion of growing hair follicles (2.5 to 10
times higher than those in resting follicles)
indicate that the utilization of glucose through
the glycolytic and pentose shunt pathways is
most active in the bulb portion, the site of
proliferation and differentiation.
The intrafollicular pattern of distribution of
phosphorylase was the reverse of that of the
other 10 enzymes studied. The highest ac-
tivity was found in the external sheath, some-
thing which had previously been demonstrated
histochemically by Braun-Falco (20), Ellis and
Montagna (21) and Serri et al. (22). The
authors also noted a parallel between the ac-
cumulation of glycogen and phosphorylase ac-
tivity in the external sheath and speculated
that the glycogen store supplied energy to the
hair follicle. However, this speculation may be
fallacious since phosphorylase activity (capa-
bility in glycogen breakdown) is minimal in
the bulb, which is the most metabolically
active site in the follicle. The preferred energy
source in the bulb portion must be glucose, not
glycogen, and there is sufficient hexokinase ac-
tivity (also ATP presumably) in the bulb to
phosphorylate glucose. The physiological sig-
nificance of the glycogen in the external
sheath of hair follicles must for the present
remain obscure.
SUMMARY
Enzymes related to carbohydrate, protein,
and fat metabolism were assayed in hair
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follicles taken from both bald and hairy
regions of the scalp of stumptailed macaques.
The activities of 11 enzymes involved in the
glycolytic pathway, pentose shunt, TCA cycle,
transarnination, and fatty acid pathway were
assayed quantitatively by highly sensitive
fluorometric methods in specific areas of hair
follicles.
The distribution of enzyme activities (ex-
cept for phosphorylase) revealed that the ex-
ternal root sheath of the anagen follicles
possesses twice the activity of the telogen
follicle; the bulb and dermal papilia contain
the highest activities. Phosphorylase activity,
however, is highest in the external sheath.
Enzyme activities are essentially similar in
vellus and terminal anagen hair follicles. Thus
a study of the enzymes of carbohydrate metab-
olism provides no clues to the causes of bald-
ness.
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